؊/؊ mice at the peak of susceptibility, suggesting that unlike observations in vitro, the parasite could induce DC activation leading to the development of Th1 cells in the absence of TLR9 expression. Taken together, these data show that TLR9 signaling is important for the early control of lesion development and parasite burden but is dispensable for the differentiation of Th1 cells secreting IFN-␥, and the high levels of this cytokine are not sufficient to control early parasite replication following L. braziliensis infection.
L
eishmania intracellular protozoan parasites cause a broad range of clinical manifestations from cutaneous lesions to fatal visceral disease. The outcome of disease depends largely on the Leishmania species involved and the immune status of the host. Leishmania braziliensis is the major etiologic agent for cutaneous leishmaniasis (CL) in Central and South America, which is predominantly characterized by lesions that self-heal after 6 to 15 months (1); however, 1 to 10% of the L. braziliensis patients develop mucocutaneous leishmaniasis (MCL), with severe tissue damage to the mucosal regions of the nose, throat, and pharynx, 1 to 5 years after the initial cutaneous lesions have healed (2, 3) .
L. braziliensis infection in humans is associated with a potent cell-mediated immune response characterized by gamma interferon (IFN-␥) production at the site of infection and by circulating cells (4) (5) (6) (7) . Despite the presence of CD4 ϩ T cells producing IFN-␥, many individuals still harbor small numbers of parasites in dermal lesions (2) . In the murine model, most inbred mouse strains, including C57BL/6 and BALB/c mice, are resistant to L. braziliensis infection, with the development of nonulcerative lesions that rapidly heal within weeks (8) (9) (10) (11) (12) (13) . Similar to that in humans, parasite growth is controlled at the infection site, even though parasite persistence continues in the draining lymph nodes (dLNs) after the lesions have resolved.
Host resistance to L. braziliensis is thought to depend upon the development of Th1 cells, characterized by their secretion of IFN-␥ and tumor necrosis factor alpha (TNF-␣), and ablation of IFN-␥ or TNF-␣ leads to increased susceptibility (9, 14, 15) . In addition, control of L. braziliensis infection has been associated with the development of Th17 cells (16) . Unlike other New World Leishmania species (L. amazonensis and L. mexicana), L. braziliensis or its secretory products can activate dendritic cells (DCs) to produce IL-12 and TNF-␣, two cytokines involved in the activation of DCs and the development of the immune response (16) (17) (18) (19) .
Toll-like receptors (TLRs) have been shown to be important in controlling L. major infection (20) (21) (22) (23) (24) (25) . For example, C57BL/6 mice deficient in the TLR adaptor molecule, myeloid differentiation factor 88 (MyD88), inoculated with L. major developed transiently larger lesions than did wild-type (WT) mice and exhibited a Th2 response with increased levels of IL-4 in parallel with a decrease in the concurrent Th1 cell response characterized by lower levels of IFN-␥ (26) (27) (28) (29) . Furthermore, recent evidence suggests that TLR9-dependent DC activation is critical for resistance against L. major infection (23, 30, 31) . TLR9 Ϫ/Ϫ mice inoculated with L. major displayed temporarily elevated Th2 cytokines; susceptibility in TLR9 Ϫ/Ϫ mice was associated with either an intact or defective Th1 response, depending on the study (25, 30, 31) . In addition, the presence of TLR9 was shown to be essential for the activation of classical DCs (cDCs), plasmacytoid DCs (pDCs), and NK cells in response to L. infantum as well as for the stimulation of cDCs and pDCs by L. braziliensis promastigotes (23) .
Increasing evidence shows that the immune responses against distinct Leishmania species, and even within the same strains, can differ significantly (32) . Given the role of TLR9 in resistance to other Leishmania infections, and the increased susceptibility seen in MyD88 Ϫ/Ϫ mice infected with L. braziliensis (33), we wanted to examine the role of TLR9 following L. braziliensis infection. In this study, we showed that in vitro DC activation by L. braziliensis depends on TLR9. TLR9 Ϫ/Ϫ mice inoculated with L. braziliensis exhibited transiently increased lesion sizes and parasite burdens compared to those of control mice, but the CD4 ϩ Th1 response as assessed by secretion of IFN-␥ was intact in TLR9 Ϫ/Ϫ mice. Taken together, these data suggest that TLR9 plays an important role in the early events leading to resistance and parasite control during L. braziliensis infection by an IFN-␥-independent mechanism.
MATERIALS AND METHODS
Mice. Female C57BL/6 mice were purchased from Charles River (Lyon, France). C57BL/6 TLR9 Ϫ/Ϫ mice were given by P. Launois and originally obtained from S. Akira (Osaka University). TLR9
Ϫ/Ϫ mice have been backcrossed 8 times to the C57BL/6 genetic background, and all mice were bred and housed under pathogen-free conditions in the animal facility of the Centre for Immunology and Infection (Epalinges, Switzerland) and used for experiments when they were between 6 and 8 weeks old. All animal experimental protocols were approved by the Swiss Federal Veterinary Office (authorization 1266.5 to F.T.-C.), and experiments were performed adhering to guidelines established by this office.
Parasites and infections. L. braziliensis (MHOM/BR/01/BA788 strain) (34) parasites were a gift from Camila de Oliveira (FIOCRUZ, Salvador, Brazil). L. braziliensis and L. major (LV39 MRHO/Sv/59/P strain) parasites were maintained in vivo in BALB/c mice and grown in vitro in M199 medium (GIBCO, Paisley, United Kingdom) supplemented with 10% fetal calf serum (FCS; PAA Laboratories, Pasching, Austria), 4% HEPES (Amimed), and 2% antibiotics (penicillin, streptomycin, and neomycin) (GIBCO). For footpad infections, 3 ϫ 10 6 stationary-phase promastigotes in 50 l of incomplete Dulbecco modified Eagle medium (DMEM) medium (GIBCO) were injected subcutaneously into the hind right footpad. Footpad lesion size was monitored weekly and measured using a caliper. To determine parasite loads and cellular content, footpads were digested using 1 mg/ml of collagenase D (Roche, Rotkreuz, Switzerland) in Hanks balanced salt solution (HBSS; GIBCO) or dLNs were homogenized, and limiting dilution assays (LDAs) using 10-fold serial dilutions (plating 100 l per well containing ϳ1 mg of tissue or 5.0 ϫ 10 5 cells in the first column of the dilution for footpads or dLN cells, respectively) were performed as previously described (35) . Briefly, the number of viable parasites in each footpad was determined from the highest dilution of tissue at which parasites could be grown after 7 to 10 days of incubation at 26°C. The number of infected dLN cells containing at least one viable parasite was similarly determined by serial dilution of 5.0 ϫ 10 5 dLN cells. The parasite frequency was calculated by the Taswell method using the program Estimfree (36) .
Detection of LRV. Parasites of L. guyanensis M5313 (WHI/BR/1978/ M5313) and one of its derived nonmetastatic clones, Lg17, were used; these strains are known for their Leishmania RNA virus (LRV) content (37) . LRV presence was assessed as described previously (37) . Briefly, nucleic acids (containing mostly genomic DNA but also the LRV doublestranded RNA [dsRNA] genome if present) were extracted from stationary-phase promastigotes and quantified using a spectrophotometer. Using 1 g of nucleic acid extract loaded on an 8% agarose gel, the amount and quality of the extracts were verified directly by electrophoresis before digestion of genomic DNA by DNase I (Roche) to visualize the viral genome.
Generation of BM-derived DCs and macrophages. Fresh bone marrow (BM) cells were harvested and cultured in vitro at 37°C in RPMI 1640 medium (GIBCO) supplemented with 10% FCS, 1% HEPES, 1% antibiotics, and ␤-mercaptoethanol (Sigma, Steinheim, Germany) and expanded in 15% granulocyte-macrophage colony-stimulating factor (GM-CSF) for 6 to 7 days for the differentiation of conventional DCs (38) . The culture at day 7 included ϳ75% CD11c ϩ CD11b ϩ cells. Nonadherent cDCs were used for all experiments. To derive pDCs, 1% Flt3L, kindly provided by Hans Acha-Orbea (University of Lausanne), was added to BM cells for 9 days (39) . Both adherent and nonadherent Flt3L-derived DCs were pooled and either used directly or further sorted with a fluorescence-activated cell sorter (FACS). pDCs were sorted as CD11c
Ϫ to a purity of Ͼ96%. CD11c, CD11b, major histocompatibility complex class II (MHC-II), and B220 expression was confirmed by FACS analysis. BM-derived macrophages were cultured in DMEM supplemented with 5% FCS, 1% HEPES, 1% antibiotics, ␤-mercaptoethanol, and 10% supernatant from L929 cells as a source of M-CSF for 7 days.
In vitro cytokine production. cDCs and Flt3L-derived DCs were plated in a 48-well plate (Costar, Corning, NY) at 2. Flow cytometry. For examination of surface molecules, cells were incubated with monoclonal antibody (MAb) 24G2 to block Fc receptors (FcRs) and stained using anti-CD80-fluorescein isothiocyanate (anti-CD80-FITC), anti-CD86-phycoerythrin (anti-CD86-PE), and anti-B220-PE-Texas red (BD Pharmingen, San Diego, CA); anti-F4/80-biotin, antiLy6G-allophycocyanin (APC)-Cy7, and anti-MHC-II-Alexa Fluor 700 (BioLegend, San Diego, CA); and anti-CD40-biotin, anti-CD11b-eFluor 450, anti-CD11c-PE-Cy5, anti-pan-NK CD49b-PE, and streptavidin-PECy7 (eBioscience, San Diego, CA). For intracellular cytokine staining, 1 ϫ 10 6 dLN cells were restimulated with 50 ng/ml of phorbol myristate acetate (PMA) and 500 ng/ml of ionomycin for 4 h, washed, blocked, and stained on the surface using anti-CD4-Alexa-Fluor 700 and anti-CD8␣-APC (BioLegend); they were then fixed and permeabilized with 0.5% saponin. Cells were stained using anti-IFN-␥-PE or the isotype control anti-rat IgG1-PE (eBioscience). All cell events were acquired on an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo (Tree Star, Ashland, OR). For quantification, median fluorescent intensities (MFI) were averaged and plotted with the standard errors of the means (SEM).
Histology. Footpads were taken at peak lesion development, fixed in 4% paraformaldehyde, washed 3 times in phosphate-buffered saline (PBS), decalcified and embedded in paraffin, sectioned, and subjected to hematoxylin and eosin staining. Three-micrometer-thick sections were examined by light microscopy, and images were acquired at magnifications of ϫ40 and ϫ400 using a Leica DM 2000 microscope with a camera and FireCam software, version 3.2 (Leica Microsystems, Heerbrug, Switzerland).
mRNA isolation and real-time PCR. mRNA was extracted with an RNeasy Plus minikit (Qiagen, Hilden, Germany), and quantitative realtime PCR was carried out using random 9-mers, Moloney murine leukemia virus (MMLV) reverse transcriptase RNase HϪ (Promega), and SYBR green on a LightCycler system (Roche). The cytokine primer sequences have been previously published (40) (41) (42) . The results were normalized to the hypoxanthine phosphoribosyltransferase (HPRT) housekeeping gene using the comparative threshold cycle method (⌬C T ) for relative quantification (43) .
Macrophage infection and killing in vitro. A total of 5 ϫ 10 5 bone marrow-derived macrophages (BMM) were plated on coverslips (Thermo Scientific, Rochester, NY) in 24-well plates and allowed to ad-here overnight in complete RPMI-10% FCS. Cells were stimulated for 24 h with 10 ng/ml of IFN-␥ (BD Pharmingen) and 10 ng/ml of TNF-␣ (eBioscience). BMM were exposed to 2.5 ϫ 10 6 L. braziliensis or L. major parasites for 2 h; then, the extracellular parasites were removed by 3 rounds of washing, and BMM⌽ were cultured for an additional 48 h in the presence or absence of IFN-␥ and TNF-␣. The coverslips were subjected to Diff-Quik staining (Medion Diagnostics, Dudingen, Switzerland) according to the manufacturer's instructions. Supernatant nitrite levels were measured by the Griess reaction as previously described (44) . The percentage of infected macrophages and number of intracellular parasites per 100 infected macrophages were determined by 2 different individuals counting 100 macrophages in triplicate coverslips by microscopy.
Statistics. Two-tailed Student's unpaired t test was carried out using GraphPad Prism 5 software (San Diego, CA).
RESULTS
DC activation by an LRV1-free L. braziliensis strain is TLR9 dependent in vitro. DC activation by different Leishmania species (L. major and L. infantum) was reported to be TLR9 dependent. L. braziliensis was also shown to induce IL-12 release by DCs in a TLR9-dependent manner (23, 25, 30, 31) . However, L. braziliensis strains can harbor Leishmania RNA virus (LRV1) (45) , and the presence of LRV1 could influence the immune response, as was shown in L. guyanensis infection (37) . It was therefore important to first characterize whether the L. braziliensis strain used in this study was harboring any LRV1, a parameter which was not considered in previous studies. Nucleic extracts of the promastigote stage of the parasite were prepared, and genomic DNA was digested to visualize the presence of viral mRNA. No LRV1 mRNA was detectable in L. braziliensis strain BA-788, while it was detected in the LRV1-containing L. guyanensis positive control (see Fig. S1 in the supplemental material). Having excluded any possible role for LRV1, we could then examine if the L. braziliensis used in our in vivo experiments activated DCs in a TLR9-dependent manner. Bone marrow-derived conventional DCs stimulated with parasites produced significantly more IL-12p40 than did unstimulated DCs in vitro (P Ͻ 0.05). In contrast, cDCs from TLR9 Ϫ/Ϫ mice displayed impaired IL-12p40 production compared to DCs from WT mice stimulated with L. braziliensis (Fig.  1A) . The small increase in IL-12p40 detected in response to L. braziliensis in DCs from TLR9 Ϫ/Ϫ mice was not statistically significant compared to the value for cells cultured in medium alone. LPS, which acts through TLR4-induced IL-12p40 production in cDCs from both WT and TLR9 Ϫ/Ϫ mice, and CpG, a TLR9 ligand, induced IL-12p40 production selectively in cDCs from WT mice but not in DCs from TLR9-deficient mice. DC activation was further examined through the expression of costimulatory molecules. cDCs significantly upregulated the expression of CD80, CD86, CD40, and MHC-II upon stimulation with L. braziliensis parasites (Fig. 1B) . In contrast, costimulatory molecule expression was not increased in cDCs from TLR9-deficient mice stimulated with L. braziliensis compared to that in unstimulated cells (Fig.  1B) . Parallel experiments were carried out using bone marrow Flt3L-derived total DCs and FACS-sorted pDCs, and similar results were obtained (see Fig. S2 in the supplemental material). Collectively, these in vitro results demonstrate that L. braziliensis activated cDCs and pDCs in a TLR9-dependent manner.
TLR9-deficient mice display transient increased lesion size and parasite burden after L. braziliensis infection. Since DCs induce T helper cell responses, we then determined if the absence of TLR9 expression would alter the course of infection and the development of the immune response to L. braziliensis inoculation. C57BL/6 WT and TLR9 Ϫ/Ϫ mice were inoculated with L. braziliensis parasites, and lesion development was monitored. TLR9 Ϫ/Ϫ mice developed significantly larger lesions than did WT mice even though lesions of TLR9 Ϫ/Ϫ mice eventually healed later in infection ( Fig. 2A) . At the peak lesion development from 6 to 10 weeks postinoculation (p.i.), TLR9
Ϫ/Ϫ mice also harbored significantly higher parasite numbers in the footpad than WT mice. The parasite load was eventually controlled correlating with the resolution of the lesion at 12 weeks p.i. (Fig. 2B) . Since L. braziliensis has a specific tropism for the dLNs, parasite load in this organ was similarly analyzed. TLR9
Ϫ/Ϫ mice exhibited a significantly higher parasite burden in the dLNs at peak lesion development than did WT mice (Fig. 2C) . Only low numbers of parasites were detected at 12 weeks p.i. in the dLNs as determined by PCR, with no difference between TLR9 Ϫ/Ϫ and WT mice (data not shown). At the peak lesion size, histology was carried out on the site of parasite inoculation to analyze the cellular infiltrate. Microscopy revealed that the TLR9 Ϫ/Ϫ mice exhibited a severe inflammatory response with heavily parasitized macrophages, whereas the control group displayed a weak inflammatory response (Fig. 2D ). Taken together, these findings demonstrate that TLR9 signaling is important in the early events controlling lesion development and parasite loads.
A high level of IFN-␥ mRNA is expressed at the site of infection in TLR9-deficient mice. Given the increased lesion size and parasite burden in TLR9 Ϫ/Ϫ mice, and the impaired IL-12 secretion by DCs from TLR9 Ϫ/Ϫ mice in vitro, we hypothesized that L. braziliensis-inoculated TLR9 Ϫ/Ϫ mice would have deficient levels of IL-12 at the site of infection. We first characterized the mRNA expression levels of various cytokines in footpads at peak lesion development by real-time PCR. Surprisingly, the levels of IL12p40 mRNA were similar between TLR9 Ϫ/Ϫ and WT mice (Fig.  3D) . Moreover, TLR9-deficient animals had higher levels of IFN-␥ mRNA at the site of infection than did control mice infected with L. braziliensis (Fig. 3A) . In addition, the levels of IL-10 and IL-4 at the site of parasite inoculation were similarly low in WT and TLR9 Ϫ/Ϫ mice ( Fig. 3B and C) . Fizz1 mRNA levels were not detectable, confirming the absence of Th2 cytokines and the corresponding lack of macrophage alternative activation (see Fig.  S3 in the supplemental material). Thus, the major difference in the cytokines analyzed at the site of parasite inoculation is the increase in IFN-␥ mRNA in TLR9 Ϫ/Ϫ mice. L. braziliensis parasites are less susceptible to IFN-␥-mediated killing by BM-derived macrophages. Surprisingly, the increased levels of IFN-␥ mRNA in the footpads of infected TLR9 Ϫ/Ϫ mice were associated with higher parasite burdens; therefore, we wanted to determine if macrophages from WT or TLR9 Ϫ/Ϫ mice were able to kill Leishmania parasites with similar efficiencies in the presence or absence of IFN-␥ and TNF-␣. BMM were activated in vitro with IFN-␥ and TNF-␣ prior to infection with L. braziliensis; then parasites were removed and cells were continuously cultured with or without IFN-␥ and TNF-␣. L. major macrophage infection was used as a positive control. For BMM from both WT and TLR9 Ϫ/Ϫ mice, the presence of IFN-␥ or TNF-␣ did not lead to a significant decrease in the percentage of L. braziliensis-infected macrophages after 48 h. In contrast, there was a significant reduction in the percentage of L. major-infected BMM cultured with IFN-␥ and TNF-␣ compared to L. major-infected BMM alone, demonstrating induced killing of this parasite (Fig. 4A) . In addition, activation of L. majorinfected BMMø from WT mice with IFN-␥ and TNF-␣ induced a significant reduction in the number of parasites per cell, while the activation of L. braziliensis-infected BMM from WT mice did not lead to reduced number of parasites per cell. The presence or absence of TLR9 on BMM did not change the number of parasites per macrophage (Fig. 4B) . IFN-␥ induces inducible nitric oxide synthase (iNOS), leading to the release of nitric oxide (NO). Similar levels of NO were measured in supernatants of IFN-␥-treated BMM exposed to either L. major or L. braziliensis, suggesting that there was no defect in NO production by BMM from WT or TLR9 Ϫ/Ϫ mice exposed to L. braziliensis parasites that could explain defective parasite killing (Fig. 4C) . Taken together, these data suggest that while L. major parasites are susceptible to IFN-␥-mediated killing by BMM in vitro, L. braziliensis parasites are less susceptible to NO-induced killing.
IFN-␥ production is higher in dLN cells from TLR9
؊/؊ mice following L. braziliensis inoculation. Next, we determined the cytokines produced by dLN cells during infection. Consistent with the elevated levels of IFN-␥ detected by real-time PCR at the site of infection, TLR9 Ϫ/Ϫ dLN cells restimulated with L. braziliensis parasites secreted more IFN-␥ at the peak lesion development (acute) as well as after the resolution of the lesion (late) compared to control mice (Fig. 5A ). In addition, FACS analysis revealed significantly higher numbers of both CD4 ϩ as well as CD8 ϩ T cells producing IFN-␥ in the dLNs of TLR9 Ϫ/Ϫ mice than in those of WT mice (Fig. 5B) . Upon restimulation, dLN cells secreted very low levels of IL-4 and IL-13, with no differences between TLR9 Ϫ/Ϫ and WT mice (Fig. 5A ). IL-10 was released at detectable levels by dLN cells after restimulation with parasites, but there was no difference between TLR9-deficient and control mice (Fig. 5A) . Thus, higher levels of IFN-␥, indicative of a Th1 response, were detected in the dLNs of TLR9 Ϫ/Ϫ mice than in those of WT mice, but there was no increase in the Th2 responses measured. dLN hypertrophy is increased in TLR9 ؊/؊ mice compared to controls. In humans, L. braziliensis infection has been associated with the presence of enlarged dLNs that harbor parasites, and this lymphadenopathy occurs prior to lesion development (46, 47) . The increased levels of IFN-␥ at the site of infection and in the dLNs suggested that cell migration to the dLNs is normal in TLR9 Ϫ/Ϫ mice infected with L. braziliensis, which is in contrast to findings for L. major-infected TLR9 Ϫ/Ϫ mice, which exhibit dLN hypotrophy (31) . We therefore determined if the increased susceptibility in L. braziliensis-inoculated TLR9 Ϫ/Ϫ mice was associated with altered dLN expansion. Given that defects in dLN hypertrophy were seen as early as 3 days p.i. with L. major, we examined the number of dLN cells at early time points after L. braziliensis infection. After L. braziliensis inoculation, similar numbers of dLN cells were measured 3 and 7 days p.i. in TLR9 Ϫ/Ϫ mice and WT mice, suggesting that TLR9 is not involved in the early ability of the dLNs to expand in response to L. braziliensis inoculation (Fig. 6A) . These results contrast with the dLN hypotrophy measured in L. major-infected TLR9 Ϫ/Ϫ mice (31) . dLN expansion of TLR9 Ϫ/Ϫ mice infected with L. braziliensis was intact, and there were significantly more dLN cells in TLR9 Ϫ/Ϫ mice than in WT mice both at the peak of lesion development (acute) and after the resolution (late) of the lesion (Fig. 6B) .
DISCUSSION
In this study, we showed that TLR9 Ϫ/Ϫ mice are transiently susceptible to L. braziliensis infection, developing larger lesions and greater parasite loads, a phenotype similar to that observed following injection of L. major in TLR9 Ϫ/Ϫ mice (25, 30, 31) . However, the transient susceptibility observed in L. braziliensis-inoculated TLR9 Ϫ/Ϫ mice was not associated with a failure to develop a CD4 ϩ Th1 response, or an increase in the differentiation of Th2 cells, as observed in the L. major studies (25, 30) . In contrast, higher levels of IFN-␥ were measured in dLN T cells and at the site of parasite inoculation in TLR9 Ϫ/Ϫ mice. In addition, dLN expansion in L. braziliensis-infected mice was comparable to that occurring in WT mice, further contrasting with what has been observed in L. major-infected TLR9 Ϫ/Ϫ mice (31). Infection with different strains of L. braziliensis in humans leads to different clinical outcomes. Similarly, significant differences in disease outcome in mice were observed following the injection of parasites isolated from patients presenting different manifestations of the disease (10, 48, 49) . Several parasite-derived factors may contribute to this diversity, such as the strain of the parasite, the presence of the Leishmania virus, and ectonucleotidase activity (10, 37, 45, 48, 49) . The presence of the Leishmania RNA virus may influence the immune response, as recently shown for the LRV1-carrying L. guyanensis strain (37) . Some strains of L. braziliensis harbor LRV1 (45), but we show that the L. braziliensis strain used in this study does not host LRV1, excluding any viral effect on the course of infection.
Unlike other New World species such as L. mexicana or L. amazonensis, L. braziliensis can activate DCs to produce cytokines, including IL-12p40 and IFN-␣/␤, and upregulate costimulatory molecules ( Fig. 1) (16, 18, 23) . Furthermore, IL-12p40 induction has been shown to differ between promastigotes and amastigotes of New World Leishmania species (16, 50) . The production of IL-12p40 by DCs in response to L. major or its DNA was shown to be dependent on TLR9 (25) . Here, we show that the activation of DCs based on the production of IL-12p40 and upregulation of costimulatory expression in response to L. braziliensis in vitro is also TLR9 dependent, in accordance with a previous study (23) . In
contrast, TLR9
Ϫ/Ϫ mice infected with L. braziliensis in vivo exhibited intact IL-12p40 mRNA levels at the site of infection. The difference in the requirements of TLR9 for IL-12p40 production observed in vitro and in vivo may be due to the parasite stage, as the presence of L. braziliensis amastigotes, which are strong inducers of DC activation, may bypass the need for TLR9 observed in response to L. braziliensis promastigotes (16) . Alternatively, other mechanisms may compensate for the need for TLR9 signaling in DCs in vivo.
At the peak of lesion development from 6 to 10 weeks p.i., TLR9-deficient mice were more susceptible to L. braziliensis, as characterized by increased lesion sizes and parasite loads compared to those in WT mice. Surprisingly, at this stage of infection, the TLR9 Ϫ/Ϫ mice had increased levels of IFN-␥ at the inoculation site as well as in dLN cells compared to control mice. L. braziliensis inoculation induces a strong production of IFN-␥ by dLN cells that has been shown to occur early (10, 15 (10, 25) , indicating that NK cells may also play an important role during L. braziliensis infection.
During Leishmania infection, IFN-␥-driven Th1 immune responses along with TNF-␣ lead to macrophage activation and the expression of iNOS, which catalyzes the synthesis of NO from arginine. NO has potent antimicrobial effects that lead to the killing of intracellular parasites. However, different Leishmania strains exhibit various susceptibilities to macrophage-mediated killing by NO (48, 51) . Here we show that activation of L. majorinfected macrophages with IFN-␥ and TNF-␣ induced parasite killing in vitro, but L. braziliensis-infected macrophages exposed to the same levels of IFN-␥ and TNF-␣ did not efficiently eliminate the parasites at the time points analyzed. Similar percentages of macrophages were infected with L. braziliensis or L. major after 2 h of infection in cells from both WT and TLR9-deficient mice, but within the time interval analyzed no evidence of parasite killing was detectable. The lower efficiency in parasite killing was not due to defective NO production by BMM. These findings are consistent with other studies in which New World Leishmania parasites required larger amounts of NO for parasite killing than L. major, and lesion size was associated with the decreased susceptibility to NO toxicity (51) (52) (53) . Furthermore, after isolation from patients, L. braziliensis strains with decreased susceptibility to NO were reported to multiply better in macrophages and could be linked to nonresponsiveness to antimony treatment (52, 54) . The susceptibility to IFN-␥ and TNF-␣ or IFN-␥ and LPS to induce macrophage killing of L. braziliensis may vary between different L. braziliensis strains, as recently reported from studies performed in vitro (23, 48) . Nevertheless, the killing of L. braziliensis observed in vitro in the present study did not differ between macrophages from WT and TLR9 Ϫ/Ϫ mice, suggesting that other factors that remain to be determined contribute to the increased susceptibility observed in TLR9 Ϫ/Ϫ infected mice. We show here that unlike in previous studies with L. major (25, 30) , the increased susceptibility in TLR9 Ϫ/Ϫ mice infected with L. braziliensis is not due to an increased Th2 response, because only very low levels of IL-4 were detected at the site of infection and in the dLNs, which were similar to levels measured in WT mice. There were also no significant differences in IL-10 production, suggesting that the enhanced susceptibility in TLR9-deficient animals was not due to the presence of IL-10 and consequentially a down modulation of the immune response. The IL-12p40 mRNA expression detected at the infection site in TLR9-deficient mice was similar to that in controls, but the levels of IFN-␥ were higher in TLR9 Ϫ/Ϫ mice, suggesting that some of the IFN-␥ is produced in an IL-12-independent manner, as reported in some cases (55) (56) (57) . As with L. major (25, 30, 31) , lesions of TLR9 Ϫ/Ϫ mice infected with L. braziliensis do eventually heal, suggesting that other innate receptors (other TLRs) or other mechanisms may compensate for the inability of TLR9 Ϫ/Ϫ mice to control lesion development and parasite burden early in infection. The role for other MyD88-dependent TLRs, such as TLR4, during L. braziliensis infection remains to be defined. However, TLR2
Ϫ/Ϫ mice infected with L. braziliensis displayed parasite loads similar to those of control mice despite higher levels of IFN-␥ in their dLNs, further showing that IFN-␥ levels do not correlate with parasite killing in vivo in L. braziliensis infection (33) .
In humans, a clinical feature of L. braziliensis infection is the development of lymphadenopathy (46, 47, 58) . Similarly, in the murine model of L. braziliensis, dLNs from infected mice, independent of the strain used, increase in size and cell number over the course of infection, and the increase in dLN cell number does not correlate to the size or presence of the lesion at the inoculation site (10) . Recently, it has been demonstrated that the activation of DCs through TLR9 is involved in dLN expansion via a CCR7-dependent mechanism in L. major (31) . In addition, TLR9 triggering of pDCs contributed to the recruitment of innate cells after L. major stimulation (59) . However, here we show that the dLNs isolated from TLR9-deficient mice infected with L. braziliensis ex- Ϫ/Ϫ and WT mice were infected in the footpad with L. braziliensis parasites. (A) dLN cells were taken at the time of lesion development (acute) and after lesion resolution (late) and exposed to UV-treated L. braziliensis (UVLb) parasites in vitro for 72 h. Supernatants were harvested and assessed for production of cytokines, including IFN-␥, IL-4, IL-13, and IL-10, by ELISA. Data shown are the means of triplicate measurements for each animal from at least 2 pooled experiments ϩ SEM. (B) dLN cells were taken at the time of lesion development, and intracellular cytokine staining was performed as described in Materials and Methods. The number of IFN-␥-producing T cells was analyzed after gating on CD4 ϩ or CD8 ϩ T cells. Data presented here are means ϩ SEM (n ϭ at least 5 mice per group) representative of 2 independent experiments. *, P Ͻ 0.05 (Student's t test comparing TLR9 Ϫ/Ϫ mice to control mice). nd, not detectable.
panded at a rate similar to that in control mice early in infection, and at later time points dLNs expanded markedly compared to the rate in WT mice, further revealing that the dependence on TLR9-triggered mechanisms during the infection varies between New World and Old World Leishmania parasites. The association between susceptibility and dLN hypertrophy during L. braziliensis infection appears to be independent of TLR9 signaling.
In conclusion, TLR9 signaling contributes to resistance to L. braziliensis infection, but interestingly, it is not required for the generation of an IFN-␥-driven Th1 immune response. Additionally, elevated levels of IFN-␥ do not guarantee the elimination of L. braziliensis parasites from the site of infection or the dLNs. These data emphasize the crucial role that TLR9 plays in the early response to L. braziliensis infection and that IFN-␥ is not a surrogate marker of protection in this infection. These results contribute to the understanding of the innate mechanisms controlling parasite elimination in leishmaniasis. Such studies will help define the immunologic mechanisms required for protective immunity that could be exploited for therapeutic intervention and vaccine development.
